Abstract. Glioblastoma (GBM) is one of the most malignant tumors in adults, associated with severe outcomes (median survival, <2 years). Multiple mechanisms are known to be involved in tumor recurrence and treatment resistance in GBM, however, the key regulator for GBM tumorigenesis and therapy resistance remains unclear. To clarify a novel potential functional mechanism of GBM recurrence, a wide range of experiments including in vitro molecular biological experiments and in vivo intracranial xenograft tumor models were performed in the present study. With bioinformatics analysis, polo-like kinase 4 (PLK4) was initially identified as one of the most upregulated kinase encoding genes in GBM, which was functionally required for both in vitro cell proliferation and in vivo tumorigenesis in GBM. Clinically, an elevated PLK4 expression was observed in high grade glioma patients, which was associated with poor prognosis. In addition, PLK4 enhanced radioresistance in GBM, while PLK4 knockdown via lentivirus transfection significantly increased the radiosensitivity of GBM cells. Mechanically, PLK4 expression was markedly elevated by the exogenous overexpression of ATPase family AAA domain-containing protein 2 (ATAD2) in GBM cells. Collectively, the results suggested that the ATAD2-dependent transcriptional regulation of PLK4 promoted cell proliferation and tumorigenesis, as well as radioresistance in GBM, thus potentially inducing tumor recurrence. PLK4 could therefore serve as a potential therapeutic target for GBM treatment.
Introduction
Glioblastoma (GBM) is one of the most malignant tumors in adults which is associated with severe outcomes (median survival, <2 years) even with maximal therapy, including surgical resection followed by radiotherapy and adjuvant chemotherapy with temozolomide (1,2). The majority of GBM patients have been reported to suffer post-treatment recurrence, due to radiotherapy and chemotherapy resistance (3) . Therefore, clarifying the mechanism for GBM treatment resistance may help to identify a novel therapeutic target for the treatment of GBM.
Polo-like kinase 4 (PLK4) is a centrosomal kinase which predominantly functions as a key regulator of centrosome duplication in human cells and serves an important role in chromosome instability (CIN) regulation, a unique genetic feature that is observed in human cancer cells (4) (5) (6) . PLK4 auto-phosphorylation has been proven to be essential for centriole duplication and proteasomal degradation of PLK4 in the early G1 phase of cell cycles (7) . In addition, a negative feedback loop for PLK4 kinase functions against the occurrence of centriole duplication, thus preventing multipolar spindle formation during the cell cycle (7) (8) (9) (10) . Furthermore, it has been reported that PLK4 kinase-dependent centrosome amplification promotes cell proliferation, motility, viability and treatment resistance, and therefore may be associated with poor prognosis in breast cancer (9, 11, 12) . A previous study demonstrated that PLK4 expression is significantly elevated in gastric cancer, while enriched PLK4 results in the suppression of primary cilia formation (6) . Through combined RNAi screening in human breast cancers, it was found that PLK4 may be a promising target for breast cancer, and a small molecule inhibitor, CFI-400945, was proven to be effective for breast cancer in xenograft models at well-tolerated doses (13) (14) (15) . However, the physiological role and function of PLK4 in GBM remains unclear.
In the present study, PLK4 was identified as one of the most upregulated kinase encoding genes in GBM and was functionally required for both in vitro cell proliferation and in vivo tumorigenesis. Clinically, an elevated PLK4 was observed in high grade glioma patients and was associated with poor prognosis. In addition, PLK4 enhanced radiotherapy resistance in GBM, while PLK4 knockdown via lentivirus transfection significantly increased the radiosensitivity of GBM cells. Mechanically, PLK4 expression was markedly elevated by exogenous overexpression of ATPase family AAA domain-containing protein 2 (ATAD2) in GBM cells. Collectively, it was shown that the ATAD2-dependent In vitro cell culture. GBM cell lines U138 and U251, as well as normal human astrocytes (NHAs), were provided by the Translational Medicine Center of the First Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China) in 2013. The U87 cell line (GBM of unknown origin) was originally purchased from BeNa Culture Collection (Kunshan, China). GBM cells were cultured in DMEM-F12 containing 10% FBS at 37˚C with 5% CO 2 . The medium was replaced every 3 days. Cells were dissociated with accutase and seeded into new medium with a density of 10 6 cells/10 ml. After 24 h culture at 37˚C with 5% CO 2, radiotherapy was performed in vitro using X-RAD 320 from Precision X-Ray at a dose of 12 Gy.
Lentivirus transduction. pGF P-shPLK4 lentivir us particles were purchased from OriGene Technologies, Inc. (cat. no. TL320644V; Beijing, China). pLenti-GIII-CMV ATAD2 lentivirus (cat. no. LVP082354) and pLenti-GIII-CMV PLK4 lentivirus were purchased from Applied Biological Materials, Inc. (Richmond, BC, Canada). U87 cells (2x10 5 ) were seeded in 6-well plates with 5 ml medium. Next, 10 µl lentivirus was added to the medium and incubated at 37˚C for 24 h. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting were performed to confirm transfection efficiency.
RNA isolation and RT-qPCR. RNA isolation and RT-qPCR were performed as previously described (16) . The following primers were used: PLK4 forward, CCT TCT GCA AAT CTG GAT GG and reverse, ACA GTG GTT TGG GAA TCT GC; ATAD2 forward, AAG GAA GTT GAA ACC TAC CAC CG and reverse, GCA AGT TGC TCC GTT ATT TCC A; 18S forward, GGC CCT GTA ATT GGA ATG AGTC and reverse, CCA AGA TCC AAC TAC GAG CTT reverse.
Western blotting. Western blotting was performed as previously described (16) . An anti-PLK4 primary antibody was purchased from Abcam (Cambridge, UK; cat. no. ab137398; 1:1,000; rabbit). Anti-rabbit IgG (cat. no. ab171870; 1:1,000; Abcam) was used as a negative control. Horseradish peroxidaseconjugated goat anti-rabbit IgG (cat. no. ab97051; 1:2,000; Abcam) and goat anti-mouse IgG (cat. no. ab205719; 1:2,000; Abcam) were used as secondary antibodies.
Luciferase assays. PLK4 3' untranslated region (UTR) Lenti-reporter-Luciferase virus was purchased from Applied Biological Materials, Inc. (cat. no. MV-m16562). U87 cells were infected with 1 µg of either empty vector or PLK4 promoter luciferase reporter lentivirus and cultured for 3-5 days at 37˚C with 5% CO 2 , and then infected with either control or ATAD2 overexpression lentivirus. Cells were cultured for 7 days at 37˚C with 5% CO 2 . Luciferase assays were performed using the Bright-Glo™ Luciferase Assay system (Promega Corporation, Madison, WI, USA) on the Victor3 plate counter (PerkinElmer, Inc., Waltham, MA, USA). The luciferase activity of each sample was normalized to Renilla luciferase activity.
Flow cytometry. Flow cytometry was performed as previously described (16) . The Alexa Fluor ® 488 Annexin V/Dead Cell Apoptosis kit (Thermo Fisher Scientific, Inc.; V13241) was used to measure U87 cell apoptosis according to the manufacturer's protocol.
Immunohistochemistry (IHC)
. IHC was performed as previously described (16) . Glioma samples were collected from 41 patients (aged 22-68; 14 males and 27 females). These patients had undergone surgical resection from 2006 to 2015 at the Department of Neurosurgery (First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China). All patients had been pathologically diagnosed and had died due to tumor recurrence, which was confirmed by computed tomography or magnetic resonance imaging. Three normal human brain tissue samples collected from patients with epilepsy (n=3; aged 32-41; male) were used as the negative controls. An anti-PLK4 primary antibody (cat. no. ab137398; 1:200; Abcam; rabbit) was used for PLK4 staining, and nuclei were counterstained with hematoxylin or Hoechst, respectively. Anti-rabbit IgG (cat. no. ab171870; 1:200; Abcam) was used as a negative control. Goat anti-rabbit IgG (cat. no. ab97051; 1:5,000; Abcam) and goat anti-mouse IgG (cat. no. ab205719; 1:5,000; Abcam) were used as secondary German immunohistochemical scoring (GIS) was used to measure the expression of PLK4 (17), in which the final immunoreactive score = % positive cells x average staining intensity. The percentage of positive cells was graded as follows: 0, negative; 1, <10% positive; 2, 11-50%; 3, 51-80%; 4, >80%. Staining intensity was graded as: 0, negative; 1, weakly positive; 2, moderately positive; 3, strongly positive. A combination of >3 was considered positive. Additionally, survival data from the Rembrandt database (Affymetrix HG U133 v.20 plus) was extracted and analyzed with G-doc (gdoc.georgetown.edu/gdoc/workflows/index) to compare the outcomes and PLK4 expression in glioma patients.
In vivo intracranial xenograft tumor models. Female nude mice (6 weeks; ~15 g; n=5 in each group) aged 6 weeks were used for in vivo experiments. The nude mice were purchased from Laboratory Animal Center, Xi'an Jiaotong University (Xi'an, China). Briefly, 1x10 5 U87 cells in 5 µl PBS transduced with non-target or shPLK4 lentivirus were implanted into the brains of nude mice following anesthesia. Mice were monitored once a day until at least one of the symptoms associated with tumor growth appeared, including an arched back, unsteady gait, leg paralysis and weight loss of 15%; at which point, the mice were sacrificed and brains were harvested following a ketamine/xylazine anesthesia overdose.
Gene expression analysis. Expression data of 669 kinaseencoding genes was extracted from GSE67089 dataset (18) , which included 30 primary glioma sphere cultures (Glioma group) and three human fetal brain-derived sphere cultures (Control group). Hierarchical biclustering was performed to compare the expression of those genes, using Cluster 3.0 (www.geo.vu.nl/~huik/cluster.htm). Euclidean distance and average linkage were used as similarity metric and clustering method, respectively. The expression comparison was presented as fold-changes.
Pearson r correlation analysis. Expression data was extracted from TCGA database (cancergenome.nih.gov/). All data were converted into Log 2 form and the Pearson correlation coefficient was calculated with the following formula:
In terms of the strength of relationship, the value of the r coefficient varies between 1 and -1. When the value of the r coefficient is close to 1 or -1, there is a strong positive or negative association between the 2 variables, respectively. The statistical significance was calculated using F-test.
Statistical analysis.
Results are presented as the mean ± standard deviation of three replicates. A two tailed t-test was used to evaluate the statistical differences between two groups. One-way analysis of variance followed by Dunnett's post hoc test was used to evaluate the statistical differences among multiple groups. The statistical significance of Kaplan-Meier survival plots was analyzed by the log-rank test. Statistical analysis was performed using SPSS 19.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

PLK4 is overexpressed in GBM.
It is well-known that patients with GBM have a considerably poor prognosis, even following maximal treatment (3). To identify the molecular mechanism for GBM tumor recurrence and treatment resistance, the expression of 669 kinase-encoding genes was first compared using DNA microarray data (GSE67089) (18) from 30 primary glioma sphere cultures and three human fetal brain-derived sphere cultures (control). Based on this analysis, 28 kinase-encoding genes were identified to be significantly enriched in GBM samples, compared with astrocytes. Next, a total of 669 kinase-encoding genes were picked from the transcriptome microarray data of the glioma sphere samples-the results demonstrated a wide range of upregulated genes following radiation at 12 Gy, compared to naïve GBM cells. In total, seven kinase-encoding genes were found to overlap in these two sets of comparisons, including NIMArelated kinase 2, BUB1 mitotic checkpoint serine/threonine kinase B, cell division cycle 7, BUB1, PLK4, CDKN3 and CHEK2 (Fig. 1A) .
With PLK4 identified as a functional regulator of tumor proliferation and treatment resistance in a variety of human tumors, including gastric and breast cancer (6, 11) , the present study focused on the physiological function of PLK4 in GBM. Expression data from the TCGA database were analyzed and PLK4 was found to be upregulated in all four subtypes of GBM, including classical, mesenchymal, neural and proneural, as compared with the normal brain tissues (Fig. 1B) . This expression profile by microarray was validated by RT-qPCR in three GBM cell lines (U87, U138 and U251) and a normal astrocyte cell line (Fig. 1C) . Western blotting showed a higher PLK4 expression in GBM cells, compared with normal astrocyte cells (Fig. 1D) . Taken together, these results demonstrated that PLK4 expression was significantly elevated in GBM.
Overexpression of PLK4 implies poor prognosis in GBM.
To further verify the expression of PLK4 in GBM tumors, IHC staining was performed in glioma samples from 41 patients that had undergone surgical resection from 2006 to 2015 at the Department of Neurosurgery of the First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, Shaanxi Province, China GIS was used to quantify the expression levels of PLK4. In sharp contrast to the low PLK4 expression in normal brain tissues and low-grade glioma samples, PLK4 expression was highly expressed in GBM ( Fig. 2A and B) . Furthermore, a longer overall survival was observed in samples with a lower PLK4 expression, compared to those with a higher expression (median survival, 26 vs. 13 months; Fig. 2C ). Similarly, data from the Rembrandt database (Affymetrix HG U133 v.20 plus) demonstrated that enriched PLK4 expression could be associated with poorer survival, when compared to samples with an intermediate or low PLK4 expression (Fig. 2D) . In combination, this demonstrated that increased PLK4 expression was associated with a poor prognosis in patients with GBM, and could potentially serve as a clinically relevant molecular marker for GBM.
PLK4 promotes GBM proliferation and tumorigenesis.
To further investigate the physiological functions of PLK4 in GBM tumorigenesis, U87 GBM cells were used as an in vitro cell model and were infected with either non-targeting control (shNT) or pGFP-shPLK4 lentiviruses. The efficiency of the lentivirus infection was confirmed by both GFP fluorescence (Fig. 3A) and RT-qPCR (Fig. 3B) . The results indicated that the mRNA expression of PLK4 was significantly reduced in shPLK4 U87 cells. Western blotting yielded the same results (Fig. 3C ). In addition, in vitro growth kinetics of shPLK4 lentivirus-infected U87 cells were inhibited proportionally to PLK4 reduction (Fig. 3D) .
A mouse intracranial tumor model was used to investigate the functional role of PLK4 on GBM tumorigenesis in vivo. The results showed that shNT-transduced U87 cells formed GBM-like tumors within 30 days in mice (median survival, 27.2±4.21 days). However, a longer survival was observed in shPLK4-transduced U87 xenografted mice (45.6±10.04 days), highlighting a potential anti-tumorigenesis effect of PLK4 knockdown ( Fig. 3E and F) . In combination, these findings implied that PLK4 promoted GBM proliferation and tumorigenesis in vitro and in vivo.
PLK4 induces radioresistance in GBM. As PLK4 was found to be one of the most upregulated kinase-encoding genes for GBM following radiotherapy, it was assumed that PLK4-dependent radioresistance was essential for GBM cells. U87 cells were therefore treated with or without 12 Gy radiotherapy and analyzed by RT-qPCR. The results indicated that the PLK4 mRNA expression was significantly elevated following radiotherapy (Fig. 4A) , while western blotting yielded the same results (Fig. 4B) . To further clarify whether PLK4 induces radioresistance in GBM, PLK4 was knocked down via shPLK4 lentivirus infection, followed by 12 Gy radiotherapy. The RT-qPCR results showed that PLK4 mRNA expression was markedly increased following radiation and was partially eliminated by shPLK4 (Fig. 4C) , as well as the in vitro cell proliferation (Fig. 4D) . In addition, flow cytometry indicated that the percentage of U87 cells undergoing both early (AV + ; PI -) and late (AV + ; PI + ) apoptosis were markedly increased following PLK4 knockdown followed by radiation, compared with radiotherapy alone (Fig. 4E) . PLK4 was therefore essential for radioresistance, and the knockdown of PLK4 could increase radiosensitivity in GBM cells.
As it is well known that PLK4 predominantly functions as a mitosis regulating kinase (5), knockdown of PLK4 will increase cell cycle arrest in GBM. To eliminate the effects of PLK4 knock down on mitosis, PLK4 was overexpressed in (Fig. 4F) then combined with radiation. The results indicated that exogenous overexpression markedly reduced cell apoptosis in U87 cells following radiotherapy (Fig. 4G) , demonstrating that PLK4-induced radioresistance in GBM was independent, at least partially, from its functions in mitosis regulation. 
PLK4 is transcriptionally regulated by ATAD2 in GBM.
To further assess the regulatory mechanism of PLK4 expression in GBM, expression data from the TCGA dataset were analyzed. The results indicated that ATAD2 was one of the top genes correlated to PLK4 mRNA (Fig. 5A) . Furthermore, the shRNA-mediated overexpression of ATAD2 increased the expression of PLK4 mRNA in U87 cells (Fig. 5B) . To further study the mechanism of the ATAD2-dependent regulation of PLK4, luciferase reporter assays were performed on U87 cells transfected with human PLK4 promoter. According to the findings, the lentivirus-mediated overexpression of ATAD2 elevated the transcription activity of the PLK4 promoter in U87 cells, compared with the control cells (Fig. 5C) . Collectively, these data suggest that ATAD2 may be a key regulator of PLK4 transcription in GBM cells.
Discussion
Accumulating data has demonstrated that kinase-dependent tumorigenesis and treatment resistance is essential for the recurrence of multiple types of tumors, and targeting kinase activity has been proven to be an effective way to reduce tumor growth (19) (20) (21) (22) (23) (24) (25) . PLK4 is a serine/threonine centrosomal protein kinase, whose main function is to regulate the number of centrosomes in cells (26) . Previous studies have indicated that PLK4 serves an essential role in cell proliferation, tumorigenesis, invasion and viability, as well as treatment resistance in a wide range of cancers, including gastric adenocarcinoma, colon, liver and breast cancer (6, 9, 12, 27) . However, the function of PLK4 in GBM remains ambiguous. In the present study, PLK4 was identified as one of the most enriched kinase-encoding genes in GBM, and was proven to be an essential regulator of GBM proliferation. PLK4 was shown to be functionally indispensable for both in vitro cell proliferation and in vivo tumorigenesis in GBM. PLK4 expression was highly enriched in GBM and implied poor prognosis.
Mechanically, PLK4 overexpression has been shown to regulate tumor proliferation and cell migration by inducing centrosome amplification and CIN, resulting in the suppression of cilia formation (6). Dzhindzhev et al (28) reported that PLK4 regulates centrosome duplication by interacting with centrosomal protein of 152 kDa (CEP152). These findings suggest that PLK4 may induce proliferation in tumor cells by inducing centrosome amplification and CIN. The inhibition of PLK4 in a lung cancer model induced apoptosis through a temperature-sensitive p53 mutant, while PLK4 overexpression diminished p53-dependent apoptosis (29) . In addition, the Rho-GTPase signaling pathway could be disrupted by haploid expression of PLK4 during cytokinesis in liver cancer, leading to aneuploidy and tumorigenesis (12) . Additional research has revealed that the artificial silencing of PLK4 inhibits stress-induced Akt activation, thus promoting apoptosis in lung cancer cells, and that the gradual activation of p53 downregulates PLK4 to promote apoptosis (30) . In accordance with these findings, it was found in the present study that PLK4 induced tumorigenesis and radioresistance in GBM, with this mechanism potentially dependent on the induction of centrosome amplification and CIN. However, the mechanism and downstream target of PLK4 in GBM remains unclear and further study is required. Since PLK4 was identified as an essential kinase for tumorigenesis and radioresistance in GBM, it was useful to investigate the detailed mechanism of PLK4 regulation in GBM. Spearman correlation analysis was performed between PLK4 and 14,731 genes using the TCGA dataset. Among these genes, ATAD2 was the gene most significantly correlated with PLK4 in GBM. ATAD2 was identified as a significantly conserved gene predominantly expressed in germ cells, but was remarkably elevated in a wide range of different subtypes of tumors, including thyroid, breast, cervical and gastric cancer (31) (32) (33) (34) . As a transcriptional coactivator of a wide subset of estradiol target genes, ATAD2 is associated with a variety of key regulatory mechanisms in human cancer cells, including the regulation of cell proliferation and tumor metastasis, via the transcriptional regulation of cyclin D1, c-myc and E2F (32, 33) . However, the potential downstream targets of ATAD2 in the DNA repair response of GBM remains unclear. In the present study, it was found that the PLK4 expression was increased by the exogenous overexpression of ATAD2, which suggested that the ATAD2-dependent transcriptional regulation of PLK4 was essential for tumor growth and treatment resistance in GBM cells. However, the transcription factor which directly binds to the PLK4 promoter area is unknown. Further experiments, including chromatin immunoprecipitation sequencing for PLK4, should be performed on co-immunoprecipitation of ATAD2-binding protein in order to clarify the interaction and exact pathway between ATAD2 and PLK4.
In the present study, bioinformatics analysis results identified PLK4 as one of the most upregulated kinase-encoding genes in GBM which was found to be functionally required for both in vitro cell proliferation and in vivo tumorigenesis. Clinically, elevated PLK4 expression was observed in high grade glioma patients and was linked to poor prognosis in GBM. In addition, PLK4 enhanced radioresistance in GBM cells, whereas PLK4 knockdown significantly increased the radiosensitivity of GBM cells. Mechanically, PLK4 expression was markedly elevated by the exogenous overexpression of ATAD2 in GBM cells. Collectively, the data showed that the ATAD2-dependent transcriptional regulation of PLK4 promoted cell proliferation and tumorigenesis, as well as GBM radioresistance, thus potentially inducing tumor recurrence. PLK4 could therefore serve as a potential therapeutic target for GBM treatment.
